Abstract. The computer simulation study of Portland cement blending confirmed the major mechanism to be size segregation in the Interfacial Transition Zones around the aggregate particles. Fine particles tend to move through the skeleton of larger particles towards the surface of the aggregate grains, improving local density. But the most interesting feature is a disproportionately larger internal bond capacity (based on van der Waals forces between nearby particles). In this contribution, we have isolated the mechanism of internal diffusion capacity of particles, on which blending efficiency relies, for a simulation study on the migration of fine sand particles into the network of coarse aggregate grains. The influences of technical parameters (including gap in size between fine sand and coarse aggregate, as well as the workability conditions) have been investigated on the migration capacity of fine sand particles. This paper will report briefly the outcomes of this computer simulation study on aggregate mix systems.
Introduction
Portland cement (PC) is contributing worldwide by about 6 % to carbon dioxide production, thereby increasing the risks for global warming. Moreover, production requires large amounts of fossil and electrical energy, and precious raw materials. This violates energy conservation requirements and leads to excessive destruction of natural landscapes. PC blending with mineral admixtures has been experimentally demonstrated to offer promising solutions to economical and ecological aspects in concrete technology by significantly reducing PC demands and by making use of cheap mineral admixtures that can be obtained from waste. We have envisaged the use of the abundantly available agricultural waste, i.e., rice husk ash (RHA), kaolin, diatomite, and mine tailings for high performance concrete (HPC), revealing quite favorable results [1, 2] .
Of special interest are outcomes of fine-ground RHA combined with PC ground to two different finenesses. Concrete with the finest PC, either plain or blended, yielded the highest strength levels, of course. However, the concrete based on the gap-graded combination of coarser type PC and fine-grained RHA turned out to be the most efficient one [1, 3] . It should be noted that gap grading in the present context is referring to the gap between the size distributions (grading) of composing particle ranges. As a result, very significant portions of the PC could be replaced by RHA without strength reduction. These experiments were supplemented by a computer simulation study with the SPACE system. Realistic simulations of densely packed particle systems can be achieved by SPACE since it is based on a so-called concurrent algorithm [4, 5] . The computer simulation results confirmed the major mechanism to be size segregation in the Interfacial Transition Zones (ITZs) around the aggregate particles. Fine binder particles tend to migrate through the skeleton of the larger ones towards the surface of the aggregate grains, improving local density. But the most interesting feature is a disproportionately larger bond capacity in the ITZ (based on van der Waals forces between nearby particles) [5, 6] . This mechanism has been demonstrated by computer simulation to be effective only under favorable conditions, whereby the amount of the compaction energy and the duration of this process in combination with a sufficient level of workability are key factors [7] .
Research results obtained independently in the USA [8] and Israel [9] demonstrated inert mineral admixtures (carbon black in both cases) to yield significant contributions to strength, whereby the physical portion can exceed the chemical one. A preliminary conclusion that could be drawn is that inert (chemically stable) waste of which the particle size range is properly gap graded with respect to that of the PC could be an economic and ecologically favorable solution, particularly in the low water to cement ratio range (hence, for the production of HPC). Therefore, we are presently conducting a computer simulation study in which we focus on the internal diffusion or migration capacity of particles, particularly considering the effect of gap grading. This paper will report briefly the outcomes of this computer simulation study.
The SPACE approach is size invariant, so that investigations on bulk efficiency of mixing sand and coarse aggregate in the millimeter range will be analogous to that on cement blending in the micrometer range, the subject of prime interest in this paper. Of course, packing efficiency in the ITZ can be associated directly with the mixture characteristics of sand and aggregate near the container wall. Data on the effects of variations in the particle size distribution (PSD) on the compaction efficiency (and thus on strength) are more readily available on millimeter level, and can thus be employed for reference purposes. We have also investigated experimentally and by computer simulation the sand accumulation capacity in bulk of different coarse aggregate mixtures, indeed revealing the PSD to exert significant effects [10] . On meso-and micro-level alike, packing efficiency requires migration of smaller particles through the porous spatial network of the larger particles. The "pores" in this system are governed by the PSD of the coarse particle component and by the extent of gap grading. Therefore, in this paper, the capacity of fine sand to migrate through the network structure of coarse aggregate grains under different technical conditions is studied by means of computer simulation with the SPACE system. Three coarse aggregate mixtures of different particle size distributions (PSDs) are simulated. The migration capacity of fine sand is studied as a function of the size gap between PSDs of sand and coarse aggregate grains.
Materials and Modeling Approach
Sagoe-Crentsil et al. [11] studied the mechanical properties of PC-based concrete cylinders (continuously stored under moist conditions for up to 365 days) made with recycled coarse aggregate. Data on PSD for the coarse aggregate used in their experiments are approximated as much as possible and denoted as 'recycled' series in this simulation study (size range 4-16 mm). A coarse aggregate system of Fuller-type size distribution (indicated as 'Fuller' series) is designed in the same size range and simulated for comparison purposes. In addition, an aggregate mix of Fuller type size distribution (marked as Fuller-A) is simulated with a wider size range, i.e., between 4 and 19 mm. Size of the simulated sand particles is ranging from 0.15 mm to 3.25 mm, with a mean diameter and mode diameter of 0.99 and 0.70 mm, respectively. The mass ratio of fine sand to coarse aggregate is 0.5, yielding a sand/aggregate ratio, s/a, of 0.33. The simulated mixes of coarse aggregate and fine sand are referred to as 'recycled+sand' and 'Fuller+sand' series in what follows.
The simulation procedures start by generating aggregate grains in a cubic container with rigid boundary conditions, yielding a dilute system with a relatively low (10 %) initial density. Thereupon, the system of particles is subjected to a dynamic mixing algorithm that is implemented in SPACE. This is accompanied by a continuous decline in container size until the desired density is obtained, in the present case a volume fraction of 40 % aggregate grains. Next, the container size is enlarged with the compacted aggregate in the center (Fig. 1a) . The second step is the random generation (within the container) of fine sand particles in the space around the densely packed coarse aggregate grains. Finally, the mixture of sand and coarse aggregate is subjected in the gravitation field during size reduction of the container to the aforementioned dynamic mixing algorithm until the ultimate volume
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Environmental Ecology and Technology of Concrete fraction of total aggregate is 65 % for all the investigated mixtures. Fig. 1 provides a schematic description of the simulation procedures at the intermediate stage of generating sand particles (Fig.  1b) and at the final stage after dynamic mixing (Fig. 1c) , respectively. On a macro-level, the model material can be considered as aggregate grains dispersed in a cement matrix. On meso-level, the SPACE system allows direct evaluation of volume density gradients in separate size fractions due to migration of the sand in the coarse aggregate skeleton.
(a) (b) (c) Fig. 1 Schematic description of the simulation procedures with the SPACE system.
Diffusion Capacity
Mechanism of Gap Grading. Under good workability conditions, fine sand particles can easily migrate through the network of coarse aggregate particles, thereby promoting the development of uniform density in bulk (resulting in improved strength level). The finest particles compensate also for the deficit left by the larger particles near the surface of the container (the so called size segregation effect). Section patterns of model concrete made with sand that migrated in the gravity direction into the coarse aggregate structure are taken at different distances from the top surface of the sample, visualizing the gradient in dispersion characteristics of the composite particle structure. The PSD of coarse aggregate is expected to exert significant influences on the diffusion capacity of the fine sand particles. When the gap in size between sand and coarse aggregate is larger (i.e., in cases of coarser aggregate, or finer sand), the aggregate mixture will lead to larger 'open spaces' between the grains, which are more easily accessible by the sand particles without increase in overall volume. In contrast, a finer aggregate system contains larger number of small grains, which subdivide the open space into smaller and less accessible spaces [12] .
Effect of Gap Grading. The influence of the magnitude of the size gap between coarse aggregate and fine sand particles on the mechanical properties of model concretes will be discussed in what follows. Gap grading activates the mechanism of 'migration capacity' of fine sand particles into the network structure of coarse aggregate grains; or, analogously, of the fine particles of the mineral admixture into the network structure of the coarser grained Portland cement. The result is a denser particulate structure and an improved strength level. The inter-particle (van der Waals-based physical) bond strength is supposed governed by a stereological spacing parameter, the so-called mean free distance between particles (denoted as λ in standard stereological literature [13] ). By λ the average of the uninterrupted surface-to-surface distances between all neighboring particles in space is defined. Global bond strength in this study is assumed proportional to λ -3 , in agreement with earlier research efforts [5, 6] , and reflecting its van der Waals' type background. Fig. 2 ), the concrete made with 'recycled' aggregate yields a denser inter-phase layer adjacent the container wall (Fig. 2a) . Even more pronounced, however, is the improvement in bond strength (represented by λ -3 ) in this layer (Fig. 2b) . This can be attributed to the larger size gap between coarse aggregate and fine sand in the case of 'recycled+sand' aggregate. Analogously, the disproportional strength improvement due to migration of fine (mineral admixture) particles into the ITZ is depicted. 
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Environmental Ecology and Technology of Concrete (comparing Fig. 2b and Fig. 3b) . Hence, the bond strength in the inter-phase layer of concrete made with 'Fuller-A' aggregate is by this mechanism increased to almost similar level as in the concrete made with 'recycled+sand' aggregate (see Fig. 3 ), despite migration capacity of the fine sand still being inferior (Table 1 ). The thickness of the inter-phase layers near the container wall with significantly improved bond strength (attributed to the migration of fine sand particles) is in all cases about 6 to 8 mm. In earlier simulation studies [5] , we had found the ITZ thickness for bond strength improvement to increase at reduced water to cement ratios in the HPC range, despite reduced migration speed due to enhanced particle density. Sufficient time is therefore required for full exploitation of the size segregation phenomenon. Fig. 4b and 5 suggest incomplete exploitation of size segregation capabilities. The present and earlier simulation results on millimeter and micrometer level reveal that the migration capacity of fine sand is an increasing function of the size gap between sand and coarse aggregate. The migration capacity can be associated quantitatively with the enhancement in the thickness of an inter-phase layer in which bond strength is increased compared that in bulk material due to size segregation (Figs. 4b and 5 ). This is particularly so in the HPC range. An example is elaborated for the case indicated in Fig. 3 ('Fuller-A+sand' aggregate mix). The obtained migration parameter given in Table 1 (expressed in mm -2 ) incorporates the absolute value of λ -3 as well as the migration depth of fine sand particles into the network of coarse aggregate grains. Table 1 summarizes properties of the model concretes, and gives the PSD parameters of the different coarse aggregate systems. The size gap with sand is for 'recycled' aggregate mix 11 % larger than for the 'Fuller' system, leading to a value of the migration capacity 65 % higher than in the latter case. This confirms that the PSD of coarse aggregate and the gap in size with sand are the most important technical parameters affecting the migration capacity of fine sand particles (providing conditions to activate the mechanism of size segregation are optimized: intensity and duration of compaction, workability). The Fuller-type size distribution is relatively uniform (with similar volume fractions of particles in each class of the size range), yielding smaller values of mean and mode diameters than the 'recycled' aggregate system. It should be noted that computing time restrictions impose significant limitations to the number as well as the size range of coarse aggregate grains in the simulation study (due to the significantly larger number of fine sand particles that have to be generated in proportion to the mass of coarse aggregate). Hence, the positive effects of the gap grading mechanism can be expected much more pronounced in practical situations of concrete production. For mixtures with similar volumetric mixture proportions and workability, no significant differences in the 28-day compressive strengths of concrete made with commercial recycled aggregate and normal weight natural basalt aggregate concrete were reported [11] . Workability of concrete is associated with the dosage of superplasticizer. It was demonstrated by the present authors in the earlier mentioned study on RHA-blending in concrete that the fine RHA particles cannot migrate through the network of large cement particles under poor workability conditions. As a result, the gap-grading mechanism is not exploited for improving the microstructure in the interfacial transition zone (ITZ) [7] . Concrete workability can be simulated in the SPACE system by specifying a so-called coefficient of restitution (denoted as e). This defines the energy dissipation during the dynamic generation stage of particle packing. Fig. 4 presents a comparison between the admixtures made with 'recycled' aggregate (volume fraction of total aggregates is 65 %) in the case of good (e=0.95) and poor (e=0.1) workability conditions. It is clear that the global bond strength (represented by λ -3 ) remains relatively low throughout the sample in the case of insufficient migration of the sand particles. In contrast, dense inter-phase layers can be achieved (Fig. 4a) when the internal migration mechanism of sand particles can be optimized (under circumstances of suitable amount of compaction energy and length of the compaction process, and proper dosage of superplasticizer), leading to favorable strength and durability effects. Moreover, disproportionately larger internal bond capacity (based on van der Waals forces between nearby particles) is revealed in the surface layer (Fig. 4b) .
Evaluation

Conclusions
This paper presents the outcomes of a computer simulation study with the SPACE system on the migration capacity of fine sand particles into the network of coarse aggregate grains in concrete production. Due to scale invariance, the results can be equally applied to cement blending case. The gap in size between fine sand and coarse aggregate has been found to exert significant influences on the migration capacity of fine sand. A larger size gap promotes the easier access of fine sand particles, which improves the density of material structure and, in particular, yields disproportionately enhanced bond strength in the inter-phase layer of model concrete. This is associated with the
